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MEASUREMENT ÖF tRO?- SIZE3IS.TRiSuT.iOE AFD-LliUIfr V/ATER CONTENT- 

lör EKTÜMi. CLÖüfiS !. 

I,    Abstrafet. "-".-.., 

A search öf the literature on methods of measuring drop size 

and total liquid water content in natural clouds shows no presently de» , 

•eloped means which will continuously record both quantities from air- 

craft, operating at moderate speeds and altitudes, say 200 mph and 20,000 

ft» 

Exploratory examinations and calculations have been, made on 

two methods öf measuring drop size» Both have1 been rejected temporarily» 

Computations on others- are in progress» Experimental investigation of 

one of the methods now under study has begun» 

tlo Report 

A. Statetaeat of the'Problem- •.••-•- 

The purpose of this research project is t© discover and develop 

aw or improved means for measuring the number and sizes of water droplets 

oomp.os.ing natural water clouds in the atmosphere,, from aircraft in flight* 

An iridepeädeat means, of measuring, the total liquid water content öf clouds 

is also required» 

Both measurements have been attempted in the past« Several 

instruments for .each have been constructed but found wanting in various 

respects;» A history of previous work may be fCu-ad in the references 
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The (contract dated June« 1950 was hot finally accepted by both parties 
until November,. 1950« '''his report is submitted to cover- the actual 
contract period November ,1* 1950 to February 2B* 1,951. i 
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.: listed in. Section A. "of the "bibliography, Appendix -1-ii» 

Measurements' in, fog '(stratus cloud), at the earth's surface 

•  . '.have- shown (1) that droplet size cannery,.£rpia l7t6-4'&0 picronsi   ("2) 

that most frequent siz.es,  on a volume median basis*  are  in the order 

of 20; to 00 microns,  and (3.) that total counts may reach as high as 
•sie ... 

6 per Pubic centimeter  (12;)'   in ground fog. And 400 per cc.   in clouds  (4); 

Direct measurement of total volume of liquid water and 

computations from drop size and count indicate that liquid •water content 

may reach äs high as l.<0 gram per cubic meter in clouds» ----- --_--*-  -—--**- 

' Airborne instruments moving at 100' meters per second  (225 

t miles per hour or 20,000 feet per minute.) and sweeping a cross^sectipn 

area of 1 square "centimeter would need to count up to 4 ,x 10 droplets 

per second and eat ah up to 0.0.1 gram of water per second in <a cloud of 

400: droplets per ce.  and 1..-0 gm/cu. «mit. 

The  specif icat'i.ph. of 1 square centimeter as the .swept area is 

vj arbitrary*    Choice of any sample volume less than the whole cloud implies 

>   "      . either an assumed knowledge of distribution of size and count in the. 

'-'} cloud or measurement along a very large number of paths in the cloud» 

m öinpe little, is s;urely known about size, and count distribution, ah arbi-? 

trary ..choice must be made« In breakin<g the circle, by setting a sample 

•swept area and volume, (great weight; is.necessarily given to the .diffi'^ 

culties of counting and sizing -such large.' numbers of drops. as 4 x 10' fr* 

per seconds  . Future bhservajbions' may show that a eros's-section area of, 
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Marly previous instruments, particularly of the impact and sedi- 

mentation types, ('cylinders;* slides*, etc.) have bad collecting surfaces 

or nozzles so much larger than oloAid droplets that their collect ion 

©ff ipienoies have been low and very variable With respect to drop .size,» 

Corrections for the lost count have been based in. large part on unverified 

theory« 

It is considered desirable therefore to set a tentative require- 

ment that the new method should not contact or otherwise älter the size.« 

shape or relative position of the drops previous to or during-thöir 

counting, and sizing» this, requirement immediately sets strong limits on 

the Kind of measuring method possible., perhaps to a prohibitive degree» 

Experience Indicates., nevertheless,, that it is. ä desirable requirement« 

B« Methods of Attack.        * , „     ' 

1» A .common, method, of droplet, size and counting is; the accu- 

mulation of all drops in a swept volume oh, a surface variously oriented 

and exposed to the natural wind or carried by a vehicle», 

a« 1'hs surface may be normal to the air stream at wind 

or airplane speeds«. _       - 

b« The, surface may be normal, to- an air current, oM  reduced 

air speed as in ;äri .expansion chamber« 

c, The surface may be horizontal and .parallel, to the vi. nd» 

•fc. 
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In the latter two forms., gravity or centrifugal force' may 

^distribute the drops according to mass   (and size:)»    To, avp«id subsequent 

evaporation of the catch, the surface must be maintained at fiir temper* 

ature and saturation.-humidity while it is; photographed ör the droplets 

must be imbedded into a -surface coating so that they or their replicas 

are. retained in full number. 

The sedimentation or glass slide method has been very popalär 

because of its apparent simplicity»     Its weaknesses include  (l.) poor 

sampling efficiency due to the small exposure time With respect to the 

time elapsing while changing slides,, -'(2) the time spent in tedious 

evaluation cf fcount-ahd \3) the variability of collection efficiency 

with air speed and-drop size»    Assuming 20 per cent increase in, cross* 

section area on striking., a slide one centimeter square will become 

50 per ^©nt cohered when .exposed to 80 micron drops for 0*0005 seconds 

at an. air s|>eed of 225 miles per hour,, in a typical cloud.    The total 

count to be made is then. 7000 drops«." -, 

2,    A frequently .suggested means of measuring droplets  size 

in the freö air is by observation, of optical diffraction rings or 

coronae»    This method yields only the mean drop size«     It is obviously 

most effective with drops of uniform size, and presents .difficulties 

_whe> -used in natural clouds having a. wide drop size range*    furthermore* 

coronae are strong and easily measured only for drops less than 20 

^aic-rpas. 'fe" diameter. 

More detailed «and« quantitative measurements of forward., side 

andL back: scattered light are possible with, such optical detectors as 

iV 
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photo-cells and cameras,.. Elaborate measurements at various angles from 

the beam axis and. in variable frequency monochromatic beams may lead 

directly to drc-p size .distribution* Further investigation of these 

methods is» described below;. . - 

- . ..  3.  Direct photography of cloiud droplets. in a cloud is.possible* 

given°,s<ufficiently.high light intensity., film, emulsion speed», shutter 

speed., sharpness of focus and. magnification. Current techniques of 

s.trobösoopic illumination may make this method feasible* even at air- 

craft speeds. This method will be studied in some detail» 

4. _ Detection of individual drops in succession in a path of 

Very small swept -area may be obtained 

a... by counting .pulses of scattered light from each 

particle in transit, 

b. by counting pulses of electric charge on a contacting. 

i    "probe, la the air; Stream,; and:   .-     „  ,..--', 

c. by counting pulses of electric current induced in ä 

magnetic, coil or electrostatic condenser swrpundi&S 

the air stream and the- passing charged ör uncharged drops:» 

Sizing of droplets by measuring the. pulse magnitude in each 

method may also be possibiei 

The light pulse method (a) is- difficult because of the very 

small amount of light energy scattered by a single drop» The öontäct 

pulge. method .(b)' jLs> weak because, it 'does- not account for- the initial 

natural charge bn the cloud drÖp,let which may be ;äny: value between the 

positive and negative maxima determined by drop size and atmospheric 

JL2 3 
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leakage  reVistffficei"~ ;Ö^o-the^prlTb^^ 

efficiency for the smaller droplet,' , > 

The induced p^utse method (cj.is difficult .because of the very 

small induced currents or charges caused By Water droplets,  also the 

dependence of. these currents or. charges on. the location of the passing 

drop "within the pick-up boil or condenser,..    In. this method, the induced 

effects may also be functions of the charge on the drop., which is 

randomly variable äs  stated above«    A pr.e*charge; to maximum in an up- 

stream, device would remove- this variation» _- : 

A derivative, of the induced pulse method' using charged part- 

icles Is one in which the change in permeability or .dielectric constant 

of the air due to the presence <of the water drop produces' amsäsuräbi© 

change  in inductance or capacity«    ^inoe the permeability of air and 

water are in the ratio 1.0001 to 1*0000 or less, this method may be re- 

jected.    The ratio of the dielectric constants of water and air is 81.» 

A preliminary study of the probable sensitivity of a" capaoitivelyin^ 

duped pulse method working, on this principle has been made and is 

reported below* .' , 

G,    Preliminary Investigations, of Certain Proposed Methods 

1«.   A study of the feasibility of an electrostatic charged cloud 

particle counter in which each droplet is first charged to its maximum 

and then detected andclassified as to diameter by its charge* 

the work of Ladenburg  (19) and others, indicates that the. 

Charging rate of spherical dielectric, particles, passing through fe. corona 

discharge is  independent of the size of the- particles, and that the' 

IL 
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mäxim\aä allowable charge on spherical particles varies directly as the 

square of the diameter. i 

The equation relating these veri&bles is given by Lädenburg 

as the following s 

*. (i. + 2M) tit**Aet   ;.N  . 
'l :*JTW,;d.et« 

x i 

r » particle radius 

m. = ion mobility 

d„ = corona ion density 

where Q » charge 

k * partipte dielectric constant 

E •= corona field strength 

e» electron charge t - time 

Stated in another way, equation fl) predicts that each cloud 

droplet will pick up the same proportion of its maximum allowable charge 

during the same exposure to ä corona discharge. Since k, &,,.v;, w.,.% "as&d>~ 

d.,* are known or measurable, equation (-1) eefi «be condensed to 

2  '     Bt    * •   / :     (2) • 

id 

r 

• fx.a 

.s 

-. 1 i 

-r\ 

Droplets  M the atmosphere usually carry an existing charge 

which can be associated with an initial -charging time t »     IP the initial 

charge is "zero, or any magnitude .of the same sign a<s the final maximum 

charge', the equation -may be rewritten as 

r   \.l +.B(feo* £ t) / ) 

where ^ t is the time of exposure to the corona discharge, and 213 is 

the increase in charge on the droplet of radios- E* .Solving for r gives 

L<! 
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From this last form» it may be seen that there are two possible ways of 

determining rj, firsts by making B"(t    + &t) much greater than 1 and 

measuring SL only,  and, second, by measuring;Q.»   (Q-   + Ä Q.J and    At» 

The first method requires that B A t be made large«    Suppose 

aii accuracy of 98$ is desired M radius: r»    All droplets must then b© 

charged to at least, 95% of.; maximum.,    Setting 95% equal to  (Q   + ÄQ) 

in equation <(3.) and using Fuch's  (.8) value of .90 for B, At is found to 

b© '0*21 seconds.     If the drop-lets have .a random distribution of charge» 

some will have a maximum charge of opposite sign, to the charging corona» 

Äs a first approximation* assume that twice 0.21 or 0*42 seconds would 

be,required to charge all drops to 95>. of maximum» 

Suppose tfee drop counter to be carried in an aircraft at 2ÖQ 

miles per hour ('90 meters per Second)»    The  length of tube required to 

contain the corona discharge.mechanism would, be 37«.5 meters, for 9555 of 

full charge on all drops«    Such a length is inconvenient if not impossible 

on conventional aircraft»    A tube length reduction of 2/3 would requir© 

an increase of B of 3 or more.    Such an increase would almost certainly 

parry d^ andE beyond"the breakdown values, even at sea level»    At high 

altitudes reduced pressure sets a further limit on the maximum value of 

/corona potential and B., 
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It slight be suggested that exposure time* be increased by ah . 

expanding cross section in the corona discharge tube*   While velocity 

could be satisfactorily reduced-, adiabatic temperature effects would 

arise which might lead to condensation and growth of the droplets* 

The magnitude of these effects requires further study.    %Jtilar 

conditions exist ih the housing of the reconnaissance aircraft psy- 

chrometer ML-513.«   (35). 

The secoxid fä'äthod, involving measurement of Q,   (& + fa Q) and 

/It, allows partial «herging, ih a short tube»    Suppose the tube be 1 

meter long and the air velocity still 9<> Waters peV- istcond.*   The 

exposure" time   ^t is then 0.Ö1 seconds.    Assume instrumental errors 

in charge measurement cf 5%»    It can be sho^A inät tue best theoretical 

accuracy in droplet radius will be at;ieaat.95^.  Jjtoe, praetical diffi* 

eüilties are many«    Total charge must be measured twice, on aa individual 

drop«    At a. given time there are.,  say, 50,-000 particles in the tube,, 

at a cloud drop density of 500 per cc.    The problem of droplet identi» 

fie at ion during the period   At is great. 

2»    Counting and sizing of water droplets by variation of the 

dielectric constant, in ä condenser surrounding an air stream 

Containing; natural elbudfe 
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The capacitance of a parallel plate electric condenser is 

given by the expression , 

&A 
=0.0885 KA/x 

3.6 TT X 

Where. A and x are plate area and separation and K is the dielectric 

constants which varies with this substance separating the plates. 

.?y passing a stream of air containing water droplets between 

the plates, the capacitance can be varied in proportion to the mass»» 

of air» water and water vapor in the stream. If the condenser is 
o - -      - V 

large« the gross liquid and gaseous water content of the air may be 

measured.     If the condenser is small» it may be possible to obsesve 

the passage of single droplets of water between the plates» with 

consequent determination of drop and distribution in the air sample» 

It remains to determine if the effect is measurable with present cr 

probable future instrumentation. 

Suppose that the air has e particle density of 1000 droplets 

per cubic centimeter ctf  1 per cubic millimeter.    To resolve, a single 

particle*, the volume of the dielectric should be about l/lO cu. mm.    A 

parallel plate condenser with plates "a by ^ »P*  separated ^ naa> will 

enclose 0.125 ciii mm», slightly more than 1/10 cu* mm.    The capacity 

of such a condenser with air dielectric   (K *? 1.00059)* will be, 

s,      Iv00059 x 0.25 C = •'•'••!i-J:-.••rg.r;.-. ~~*--r-  « 0.0.442 mieromicrofarads ./•_•». 
3.6 Tf x 0.5 ," kß) 

The change of capacitance of this unit due to: the presence 

of a cloud particle may be approximately determined by computing the 

change of stored energy in the system due to the presence of a dielectric 

A'- 
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If a dielectric sphere is placed in a uniform field vrhöse 

electric  intensity at  large distances is E-s there= will exist in the 

sphere, a uniföröi field E, whose magnitude is given by the equation 

«  '      5©;B- 
1 ?   ,-"° ,° 

2e< +<=L 
Ou    1 

-where e    is the specific  inductive 
.0 

•capacity of air 

:and--.e.j:is. the specific inductive 

-. capacity of the 'dielectric sphere 

According, to Smythe (52),. if the .electric field intensity produced in 

the volume v of a uniform isotrppic medium of specific inductive of 

capacity e is ,E », and if when y  is- occupied by a uniform isotropic 

body of specific inductive" icapaolty. e* it is E,,,. then the change in 

!stbred= energy in this .^olume' is given by 

'"-'":•' '"'•':'•'..*  -   - "'M = 'h   1 -'{•*  *v9   )'(E E,)d^' , -   -       s-      •        '•"   • -       ^V      X   1 -0-    "0   1- (8) 
-  ..i---„--- ,.•»•"•-'-" •_'-":- - -     v   / 

Sjub.stit»ting^ equation .( 7 ) in equation { 8 ) and performing the integration* 

the change" -in ^stored 'eneipgy "may be expressed 

0*5' ..- 1 o/ oo 
where B «? diameter of sphere: 

(9)  ; .,-'    ' • •        -•"./-•      o  "1 

Since, the capacitance of a system is specif led by its stored 

önergy» the- following equation may be written 

.  : ' •  &&-+-&M   '  -' -'. 

jpr a. parallel plate condenser, 

.   W * Ö.5 e E2 V , 
0  0     o 

so that the incremental capacitance may be written 

1 
a- 

I 
•1 ( 

ft) 

ST|pr«>—1**^(( T^KSESS" 
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Substituting the numerical Values for the problem under cons iderät ion» 

,/L C •«? 6.62 x D x 10~  micrömicröfärads (mmf,) 

where D is 'in microns ' 

thus for a cloud particle whose diameter is 1 micron, 

. .       £ C •» 606 x 10°10 mmf 

and for a cloud particle whose diameter is 100 microns,. 

&  C * 6.6 x 10""6 mmf,. (15) 

-21 

These changes would occur at an initial capacitance; level of 4.42 x 10 

mmf.    The ratio of Change would be 1 part in 10" for the smaller,  I in 10. 

fofc the" larger droplet. 

A survey of commercial laboratory grade capacitance meters. 

indicates that the lowest available inaccuracy is Oolje__+, 0.5 mmf. at 
-    - -       . - -  • •     n. 

levels from 1 to 1000 apf.    $he lower level of 1 mmf», is 10   abrbve the 

initial value of our l/i'0 eu. mm.  condenser»    It is 10, magnitudes removed 

from the accuracy required for detecting a single 1 micron droplet within 

the dielectric space of the condenser.    However*  it is only 7 magnitudes 

removed from the accuracy required for measuring the gross air/liquid 

water ratio in a much larger condenser of 1000 inmf.  capacity« 

There is described in the literature (22) a composite aulti^ 

range capacitance meter with a full scale range of 0.005 micromicro^ 

farad and an indicating meter of probably l/? tö I/o füll scale inaccuracy« 

This instrument would, measure one magnitude' ihisr than the normal dry 

air value of our condenser» 0.0442 micromicrefara'di, but 7 magnitudes 

;i-=- 
% 

5« fcWF.iJfT«*f»*tO-.F^W | 

ill ml 
! f>f"'-;l 
^ '•'•<- 
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ooasser than the change in value du$ to a single 1 micron drop, 6«6 x '^ 

iö**10 mm*, ' *  if ^ 

Thus it seems hardly possible that this method could be- 

••^l refined to detect single droplet in an air-stream with presently .avail* 

;y able capacitance meters. Also th8 argument given above has neglected 

l! several important factors» all of which would introduce further errors 
-,-j ' - .,  - - 

.-• 1 in measurement., including - 

h;j 1* leakage resistance across the condenser supports in the 

?.; presence of water, both liquid and vapor, '[^ 
^j - - 
,ii 2» parallel capacitance of the supports and the attached 
*\ " ' - ' 

•^ •      electric circuits., -"--,. 

3. temperature coefficients of capacitance and their oorres- j< 
•' =     ;!•?••; 

ponding errors due to variations in ambient temperature», i',j 

4» change in dielectric constant with water vapor pressure,. y.j 

V 
''• *; V 

'P. 

-•3 i 

3:1 
i 

w 
The last of these sources of error may be separately considered „ ;y/> 

as a possible means of measuring relative humidity« ^önsider the change 

in capacitance for dry :and saturated air dielectrics, in the condenser 

previously described* %e constants for air and water vapor are l<tÖOO,,5!90 

and 1*006,40* respectively» a difference, of 0.005,81e  At the jfil 

freezing level, the maximum vapor pressure is 6.11 millibars» ••hen the 

freezing level is at sea levels the maximum vapor pressure ratio is., , 

6.11 mb.,/( 1013.2-6.il) mb or 0*-.6/o. The highest dielectric constant for 

saturated air at 0°C is then about 1*000,59 plus 0.6> of 0.00.5,81 or 

1.00Q|6?S,.' To measure relative humidity to 1%, we must then measure 

•IfciL 

H'tt 

„____••...v-^ ^v^i^ss?-- woriiacsss-.^ :j>-~> it- <-. -ii .-> ••'•':»: -•:• ••<. -. '•; fj*~"i'"-:2&?'&*1?l. - :*^»»*f^!^^f^g^-g,' 
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dielectric constant or capacity to 3 parts in 10 mi11tön at a level of >;5 

0.0442 micromierof ara.ds,.                                                        ' J*«i 

To compare the- effect of saturated air to that of a single $ 

droplet, note that the capacity of the 0.1-25 cu. mm»  condenser is ;.• 

for dry air.   -.                                                  0.-044,200,000,:00 \4K 

for saturated air                                           0,044,2:01,550,00 r  lr 

for one. 1 micron drop in 11 
saturated air 0*044,2.01,550,66 p 

For relative humidity measurement-, a much larger condenser than 

0.125 eu. mm. might be considered.    At 1 mf. initial dry air capacity, 

the least change measured for 1% H.H. change would be the same 3 parts 

in 10 million or 0.3 mmfd*    The  latter value by itself is readily. 

measured,, but as a change in the initial value,  1 mf., it is not meas- 

ur&ijle on any common capacitance meter. 

The stability Of most peasuring; circuits,, in the face of, 

varying ambient temperatures ? power sources and insalation surface1 

leakages, is not as good as 3 parts per millions, either for long, or 

short periods, of time«.    However, a primary frequency standard such as 

made by the General Radio, Company has a stability rating of a few parts 

in one hundred million over several months, and about two parts in on© 

thousand million for short periods«    One part in 10 million and 5 parts 

ia 1ÖQ millions in l4-h©,upfe are typical short period ratings»    Due to, 

the jaatvsre of these piezoelectric frequency standards there are no 

random or cyclic variations of significantly larger amplitudes within 

the stated periods*    It is conceivable, then* that: an instrument using 

frequehoy changes controlled^ by capacity changes might be built for 

fii 

jr^fsii.,.   ^>-'i^s^^-^^r;js^'»K:y~^a^^'^. 
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relative .humidity measurements in dry .air or in cloud. Further con- 

siderätiöh to this possibility will be giveh in a 'later report. 

f%. 

.1 - 

-51 

13 

V.i 
"IV 

i^-äst 

3. An investigation of the possibility of using the, transmission of 
jit äs a means for measnring drop size diätributiöh 

It has been suggested that the drop size distribution in 

clouds could be obtained from light transmission measurements. This, 

possibility is explored theoretically in the following section. 

If an attenuation coefficient "je is defined by the following 

1 equation ; 

- '. !-   ' °;T = .»" 
:    -       a 

where ?s is the ratio Jof incident to emergent intensity over a geometrical 

path length Z through the alternating medium, k mast have a certain foria " 

c 4?p©Ading in the process. If the prqces.s is pure scattering of' light 

-kZ 

•     .-'•-'1*8 

k •= iflSF. %,    .f.r, t, 
(17) 

which is  in accord with the Mi-e theory (2&,)>    N    is the total number of 

spherical particles  in a unit volume,, f., is the fraction of these drops 

whose radius is r.  and whose scattering cross, section is K   «    The sum-    • 

motion gives the contribution, of all drops to the attentuation coefficient 

'kv . - ,•,--. 

Is numerous investigators have pointed out  (26)., when the drop 

diameter, d. becomes relatively large compared to the wave length of the 

incident light, half of the scattered light may be assigned to the 

diffraction pattern and, half to the rest of space.    Ifow, as in this 
1 

limit9; E ~$*2  for all wave lengths and the diffraction pattern accounts 
si 

•i 
A' 

1' 

1 

i  • 
•fj-: 

« 
'd ••• 
i ••. !U- ; 

ff-H 
••lv'-- 

'pfc. « 

m 

* 

1 • •=*•   : 
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for § K , the  value of k for the entire diffrao'tio.ii pattern, is   (with 
S - ' 

K    # 1) 
i=2 2; 

k = TtN      2/     -f ,r, 
i =0 

. . (10 

This limit is approached    d. ^ 

jat 

\4 
•'•i 

as 

Then 

If all of +.he drops are uniform, r..   - n  a const ant-,  arid 

*ftA  * •?• <<   f.   *T" 

£h • * 

(19) 

r 

k •« -N trr 
<0 {21J 

and the attenuation .coefficient is just equal to the total cross-sectional 

area intercepted per unit -volume of the .scattering medium. 

If the entire diffradtion pattern were not utilized in any 

measurements but only a fraction thereof, eq-ita-t'ton. (IB ) would not be 

satisfied and the apparent value of the Attenuation coefficient, to be 

called k «. would always be less than k.i exceot in the limit of the' füll 
a* - " " "• ' -'-   -- 

diffraction pattern'. 

let us define k    in terms, of the classical diffraction pattern« .. £ .   .     _. ........   ......, _.  .,  .    ....*,., , 

For a given wave Idngth of light X land a given, drop: radius,,. :r..,. 

the; intensity of the diffraction patterns from an opaque circular disk; is. 

| 
a- 

f. • u 
Li 
I* 
Si.- >ii 

?» 

L  - Trr. 1., '»i. «*t> 
!»> 
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where Js is the Bessel function of the 1st -order and m. is defined by 
.1 i i . 

m* 
TO?, .sin © 

^  ... _ ... . , ^ 

I. thus gives the angular distribution of the diffraction patcern, © 

being the angular spread öf this same diffraction pattern. 

Ihen the diffraction pattern from a distribution of drops ia 

considered, the intensity as a function of angle becomes 

x-äo 
» 

2       x-ao    •    *  , 

.**«> 

where N. and f., have their usual significance * 

, ..- '-\-  -the flux -over a 4ölid angle dw is given by 

dF ^ „jdW _" art sin. © d 9' (25) 

if the solid angle is a,cone of revolution whose vertex angle is 2©, 

-The total flux in. the <,di£fraction., pattern over ah angle. © is 

/ r..":-. •"'-../,*••.••'. :.  - ;: -,ri  .,-...     - 
•   F-i* 2TT.    I    I «in 9;d 9• * 2rr j  idicos ©) (26) 

If we. normalize, this so that F - 1 when 9. = '9^. >* the angle that includes 

the entire diffräcitin% pattern, 

':       '  ; '    .'-.",".'•'*     f *1'   I'd^coa 9;)' 

/'"^   • I? d<cos ©;) 

^cos© raax 

where the denominator,is the. normalizing, factor, after .some cancellation 

of common f actors, has been carried out.    Now as 0. .<£   F «<"  1* k& can be 

defined äs 
, - $.=-fa- 

it. * ntf F(©j   *>       *.r? (28) 

which reduces to equation (2,1) for F .(©) * L>  JEhe actual transmission 

is given, with the aid of equation (LB) äs 

~W: 

Mr ' 
f*~ 

1  

1 ;• 

If 

'4 • 

3 
If   s 

1 
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-^#F(c.1|f^r| » (29) 

bpsSÄ    i    il 
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Experimentally i* ä transmission experiment could be set up* where the 
"    , - * t < 

source and the receiver with a variable receiving area   were at .a fixed .. j 

distance apart.."   if the distribution 'Of drop sizes: is ;knpwh and T measured, 

F (9) is determined,.    Örie should note that F ,(:9) is determined by the 

same 'distribution as j£{ £*r.>  and that F (©) As defined is an average 

intensity that will satisfy this, distribution.    As the. relation might 

be usedj. however*, the drop, p^^^lstrdbutipn would be unknown,  also F(©)» 

the problem would then be to find a unique distribution that would 

satisfy equation (2:9 ). , This might be done mathematically by assuming 

a distribution and. computing FC©)-»    If equation (2i9.),vj^re satisfied, 

the assumed distribution would be the correct Pne-?    this; scheme would 

fail if it P;puid be shown that one or several dr°P size d$stributiöfts 

would give the same. ;F^9;)- throughout the. angular.ppurg,e of., the,, diffraction 

pattern,    Coincidence is assumed when there, is. no significant difference 

°?1, between the F'(9;)."s, - s 

Computation -et Ff9); Using .Selepted prop; .s:jg.e, .tostribatigns 

F(9') was computed for several drop size distributions^  sonie of 

whic'h were actual measured distributions using the glass slide technique. 

To compute F;(:9) from the. data, equation (27) mußt be. us£d. 

!;l after substitution of equation (.2,4) into it- to-- give 
M "• 7 ...    1   7. .   "        ' : 7       . -        -   •     -- 

'cos9     i     i i" £% '    1      • a*j      ^.eps 9^r    - 
— -'>L.1)1' '!• ffTi   ( H •'!•"• V-   •  ,T" '••"" V».; lV'.l .'»tf "•?-"'-'.". Ji'.e.""- 

1 *cr-I _J, 2 
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The, ATI s quantity £.i"1 £-. -J (2m.)7  is computed for all values, and summed 

*1    3-        XJ 
are available »<!*} over all i's for a given angle >9V   Tables of , 

and f i aiid r7 come from the assumed distribution^    The area Under the 
' T -- . *     r    ' —    -fc - 

curve of > f .,rT -~- $•=,   (2m.} a  versus cos ö gives the numerator. The 
- .    - i . 

•summation is. carried to the .desired value of ©* This area divided by the 

total area under the curve is F:(.Q), The integration was of necessity 

»carried out by graphical means. See Figure 1. F(9) was, also computed 

for single drop sizes selected so as to produce an F-('9)/9 curare nearly 

identical to one eomouted from an actual distribution. Coap.sr'e Figures 

1 and 2.» - From this investigation it appears that there is little' of 

value in this method as a means for obtaining drop size distributions'» \ 

F(9) was so lacking in uniqueness that this function äs given by a 

relatively broad drop- .size distribution could be matched to within ä 

few percent by an F(9) as computed from a single drop size *. 'Tnis 'drop 

size was very close to the area median drop sise. The area median drop: 

size is. defined by that drop size below-which lies 50 per •..cent of the total 

Cross-sectional area presented by all öf the drops« Symbolically 

this is the value of r. where 

'& 3' 2 f.rf 
1   i 5 

1 '=   Q #D 
<x> 

f,r! 
i=o 

As might be expected,,, those .distr.ab.ntio.ns with large numbers: 

of very small drops gave percentagewise large relative intensities F£9) 

at large angles.    Broad distributions' were Weighted in favor of the large 

drops, so the diffraction pattern observable was relatively narrow. 

;IH, i 

\i i. 

W 
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The failure of this method probably lies ip a large extent 'j:'' 

in the slowness in which the angular söreäcl öf the 'diffraction pattern | 

varies- with, drop size.. This allows a large spread of drop sizes to- | j 

. 1!" 
contribute to the intensity pattern at a given angular distance,* g„ 

4  A Further Study of the Relations between Light Transmission and"-Drop. 
Size BistribUtion 

In a previous .section* it was shown that the light _.intensity 

in, a cone of Variaole angle. 9 from the ax.is of a diffraction pattern is 

- ' -"  \ " 
not measurably unique with drop size distribtuion. ¥ery nearly equal. 

intensities may be received from a single sized drop 'Cloud and from' a 

very wide size distribtuion. This is true for one wave length of light.« 

It is. of interest tp consider how the /relation, between transmission 

and drop size distribution for a. number of wave lengths over a wide 

ränge.. 

Previous: measurements (II) have shown no; large variation in 

transmission in the wave- length range 1/3 "oo 3/k  micron* It is believed 

that this, range was not large enough to show,  in a measurable amount the 

'. -t effecti  for wh-Ve'h som€r\.tiVu'.enGe Of existence has been shown, by unpublished 
V ii ..-•-.'•• 
\ I; work öf Houghbon and bv Sanderson (.26)... _ 
nS ' ' "      ' - •/'"' 

:.:. I .    .   The following procedure is proposed^ 

(I). measure, transmission Of monochromatic light of some 1$ to 

2f> wave, lengths in rapid suocessibn., 

'(i2) set up ah equal number of simultaneous attenuation equations- 

for wave length and drop size* .knowing 

a.    the scattering coefficient for each size range and 

f\ b»    the absorption •coefficient of water vapor in liquid-free 

1: 

•r.jg*J »>S»^ l     '-!•£•- 
-  -i 
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äir for each.- wave length* > 

(3) solve the simultaneous, equations for idist~ibutious of drop 

-«• . where k   *? .scattering coefficient 
i-:-   w:;: _       -    .;   ', - ,-      -a  -_.--.      ; 
-Ir'T" .T-.     ',.    „.- - . r # drop radius 

|^-a . •  -  ";   ;.-.-••• ,n = number of drops of radius r 

1;    .     - , fhe scatte-ring. coefficient k is a function Of the index of refraction 

m   and the. absorptivity as -well as .of wave length X and radla? r. By 

|: proper selection of wave length in the- infrared, the absorptivity can 
•Hi 
'• be reduced to such a Value that the assumption- of ä transparent sphere 
i'-  ' .   .      -"/. .       - •".        . 
| - introduces only a. .small error, The value of k^ can be computed, for any 

Value of m.. It. so happens that in the favorable wave length regions m 

approaches. 1.33.. the.'relation of :k to £—• for that index is well. 

'.4   , - - 

I'    ' ,'ij apor.oacnes. i«^j5..    i;iae;i*xa>iyu u* •«•£   vv    —^r 

• •    -»-1 

r >s - - s 

known ;(lp*3Ö>).. 

The accuracy Of the method is improved by a. better knowledge 

of k /2nr/X for indices^ other than 1.33 and absprptivities other than 

zero. However., the above methbd is a first approximation,. Recomputatipns 

are possible without repeated observations of trahsmifaiph f whenever 

% :•{(' 

' 1   •> V 

•f - 

size.. • -        -     - • ;(«•-: t, 

'.-/.-.• .    , . .      .. 4 
.   '       The'equations to be used are as follows: a        

!;, 

the- 'transmission equation is ,» . . .. * •-'&'• 
!.i 

T * V"   . _      (32). J.-:b 

• !r: - •         -   .'         ."'-".     where T • transmissivity 
y "•  ' ".   - -•'-                       -.   =°-    ."'. -- '                  - 

""£--...,.' '".„.        .•   -."    *    _ ,\                   .   z =; path, length 

;!           \ k =» attenuation factor of .medium                                                          «] 

;«.- " Tiiihen the medium contains scattering, spheres of different sizes, 

\. '"-,,"  - ' -l.      equation $L) becomes 
. "4   •.   -;- . - ^    '       •      - ,.-     -             2 

? T"q         ^             S                                                                                  (33) 

§.»: 
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superior values öf k    are available-» 

As part  (2) of the procedure-,  equation 0%) may be transposed 

:4 •   '     -      t0 

fhe summation cam be rewritten as 

2, 2, _ const ,= 1 
Ü x S,    2 ^ 3^     - --      x 

3 - \.      : „    At wave lengthX, 

fi -    " •' ••'                              '.                            . = Pönst.   *  1 n-const^ , + n~ const^ 2+    •*--_-- . *• - - - * ^--;-r-.^in^ 

|°   -','      '".-.' At wave length ,jLg 

etc.* 

.. The transmissions would be measured 25 times., ;ohce at each wave length, 

,j, ,.        , at. a rapid rate,, such« that no significant change in drop si^e distribution 

•could occur -during the measuring period.. ' 

The solution, can be expressed as. a summation, of term? involving 

? «f the farm-                          - .         ' 

ni = Ax In I * Ag iti | + •* - -, - -. - - *- , - (-38.') 

n, • 'S,. In-1 + B6 In I t - -.* - - - ^ «• "^ - 
• 2   1   -n   .2   T^ 

where the coefficients A,» B * etc. are known» n    n 

The mathematical evaluation would be relä^ivei7y- .simple,,    The 

diff i'cultv lies in measuring the transmission   'T    in the- .1 to l£ -micron 

•••: .-. j 

,2,     _ const    - . 1 ,._,. A    - 1 : nr k.   = --^   In -p • {3/4; . ' 
SEI 

o 

I \f   ~     . "• .-. • V -v -" , = const,. 1 

%^^-x - ••* c?n£%,i * -Vpnst2S»2+ --------- ^- - >- -^—:r** ^(37) 

Y 
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in finding a- sufficient . number of well spaced nonabsorbihg wave lengths 

and droplet size classes.. Tüiäl'•computations must be 'made for a. limited 

number of values to determine the probable- light. :energy levels and the 

required instrument sensitivities,» 

Before attempting drop size distribution measurement by this 

method, it is necessary to  compute scattering coefilcients for selected 

indices of refraction. The computation will require, considerable research 

and experiment before a size distribution meter can be designed and 

r" ' ':'   .constructed. Work on this preliminary step is now in progress* 

h 
H Ei- Conclusions, and Recommendations   _-_,_ 

••k ~         """"••" 
•A Brief and preliminary studies have been made of several methods 

!} of detecting the presence, siae. and number :of cloud droplets,, by electric 

'|:1 and light scattering moans« Electrical effects which might form the 
Tj "     -                  • 

[\ basis of an instrument for measuring drop sizes and number appear to bö 

l\l H smaller than the sensitivity that can be obtained by detectors now on 

the market of being developed, 

The light scattering' and attenuating methods so far cdnsidertsd 

i are still unproved. äon sifter ably .mor-e> computations must be. made- before 

3 i% can be said that the. measuring methods we have in mind can tst cannot 

be- made tö work.. 

It. is recommended that our analysis .of ligh^ attenuation in 

the- infrared by scattering from small drops- be carried further, to- the 

ay ;•• 

id 

vr 
,i. • 

range.    Since water vapor absorption in certain bands'gives additional j- 

attenuation over droplet scattering, it is .necessaijy to select wave' 

lengths s.o as to minimize such an effect..    Little difficulty is expesfced : j 

to 
?:•;.. fl        . ...     *     ... ... i! 
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point where the magnitude of light attenuation and'the probable require- 

ments of instrument sensitivity are much bette? known. 'Meanwhile some 

consideration, should be given to, the present state of commercial instrumen- 

tation in order that orders may be placed for equipment as. soon as there 

is reasonable assurance of its usefulness. - • - 
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v APPENDS A 
ff Figures and Stfapbs                       ! 

| Figures 1, and 2 following are to be referred to section II ..$: 
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Personnel and Ädminist.r.atiön 

I Staff members working on thi& project since its start oh 
I -        -                      "-                   - 
\ -                   November 1, 195Ö are 
J -            '"                 ' 
\ ^            Delbar P. Kelly, associate professor 

,t . \"       = -       John C, Johnson, assistant professor 

.;' Ralph G-. Eldridge,,. research assistant 

\- Richard M. Schbtland,. research assistant 

Administrative action to date- has been limited to employment 

r. „ f| of personnel and purchase Of books and equipment.. 

. , • " APPENDIX Ö - • 

Travel and Correspondence , 

January 29-, i°Sl -?• B!i  M* Sghotldnd and D-, '-F* Keily, attended, the session 

on Physical Meteorology at the Meeting of the American Meteorological 

Society in. New fork« -      -- :   -   — 

\ \ \ I .January 30s 1951 = ft..: M-. Schotläfid visited the' laboratory of 

Pteöfessor V« K..La %le,r at 'Columbia University. Electrical methods for 

measuring drop size and distribution, were discussed. Information, was 

- obtained on. sources of supply for technical equipments 
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APPENDIX B * BIBLIOGRAPHY   .,-. - '„.'.. 

The following bibliography is intended to, include the major 

references, both classic and recent, on drop counting, and sizing,' liquid 

^ater-content*- an^allied^s^js^ J§§*OT§^t3Ä...J^i.;, - 

recent references, will lead in many instances to more complete lists on 

particular subjects:. 

The alphabetical author listing. A, is followed by ä subject 

listing B, cross indexed to A. 

A. Author listing..      • \* 

1* Blanchardi D.. C.,, "The use of sooted screens for determining raindrop 
size and distribution." General Electric Research Lab.,, 
occasional Report, No. 1.6,. Project Girrusr, U, S. Army* 
Contract No.. W-36-0.39-sc-3'8lUl, Schenectädy, N..Y,.,N:ov.*, 19&9. 

Brillouin»; J: B.:, "The scattering, cross section of spheres for electron 
magnetic waves." J,." App-? Physics.>. Vt 20 ;N.oy., 

2. 

3,    Brück,, G. W.,>,  ».Liquid water content .and droplet size in clouds of the 
-    .atmosphere.."    Trans. Amer. Soa, Mech.. Engrs. j69;.769>770 '.(19U7) 

%.    Bierni :M...> »Measurements bf sizes of cloud elements.»' (translated 11 pp-. 
,1 illus,.). pub«, Gärl 'Griese,  Haftburg.., 

%    Elliot.., H = ¥,,  "Cloud droplet earnera:."    Report No-. 'M.tI.:~701s National 
Research Council of Canada, 'Ottawa*. Bee,* 19U7-. . 

&.    Famdall, BvL. and IIU 'Sehulkih,  "SurVey of .meteorological instruments 
used in tropospheric propagation investigations.,»    Rope. 
:GRPLr2-li National Bureau of Standards-., Was hing tön a $). C,;i 

7,.   Foster, %, S\ and .L..TW;. Fpskett,  »A. spectröphotmeter for the determihä" 
tiöh of the water yapor in ä, vertical column pf thf /atmosphere«," 
,J,,  Qpt* jSpc. Amer:»;,- Vol. J$} pp.. <&' 

81,   Fuchs» Petyanoff and Rotzeig,. on rates of particle charging» Trans.» 
Faraday Soc., p 

%    Gucker,. F..T... and C.T. O'Xonskj.,. niiectricäl methods of counting aerosol 
par tides," Chemical, Reviews» kh/Z p. 37'3^ > 
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